Iron (Fe) films with a thickness ranging from 1.0 nm to 80.0 nm are deposited on silicone oil surfaces by a vapor phase deposition method. The films with a thickness of < 2.0 nm do not exhibit planar morphology but ramified aggregates instead. Magnetic force microscopy studies for the Fe films (10.0 nm ≤ ≤ 80.0 nm) show that the domain wall structure is widespread and irregularly shaped and the oscillation phase shift Δ , which records as the magnetic force image, changes from 0.29 ∘ to 0.81 ∘ . Correspondingly, the magnetic force gradient varies from 1.4 × 10 −3 to 4.0 × 10 −3 N/m, respectively. In our measurement, the characteristic domain walls, such as Bloch walls, Néel walls and cross-tie walls, are not observed in the film system clearly.
The magnetic domain structures and the characteristics of the domain walls in ferromagnetic thin films have long been a subject of interest for its potential in physics nature and technical applications. It has been noted that the microstructures, magnetic domains, and therefore magnetic properties of the thin films are greatly affected by the nature of the substrates, deposition methods, and preparation conditions. Up to now, various wall types of the magnetic domains have been predicted and observed in several ferromagnetic thin film systems. [1−7] Previous works show that heterogeneous interfaces may result in stresses due to the mismatches at the interfaces, which may surely influence the deposited layer morphology [8] and therefore its physical properties. Recently, the two-stage growth mechanism and characteristic ordered internal stress patterns have been observed in the iron (Fe) film system on silicone oil surfaces, [9, 10] indicating the distinctive effect of the interaction between the magnetic films and the liquid substrates. It has been proved that [11, 12] both the coercivity ( ) and exchange anisotropy field ( ) of the Fe films increase with temperature showing maximum peaks around the critical temperature crit firstly, then decrease dramatically and finally reach the steady values around 40-50 K. For the coercivity and exchange anisotropy field, the critical temperature crit = 10-15 and 4 K, respectively. The appearance of the coercivity above is quite interesting, which is suggested to be related to the nearly free sustained boundary conditions. However, the detailed physical origin of the phenomena, such as the magnetic domain structure in the continuous films, the domain growth behavior in the ramified atomic aggregates etc., are rarely studied.
In this Letter, we study the microstructure and the magnetic domain growth of the Fe atomic aggregates and the Fe continuous film system deposited on silicone oil surfaces by AFM and magnetic force microscopy (MFM). Our experiment shows that both the Fe atomic aggregates and continuous Fe films exhibit a fine grained structure. It is newly observed that the continuous Fe films exhibit a widespread and irregularly shaped magnetic domain structure, which is quite different from those observed in other Fe film systems. The physical explanations for the results are also presented.
The Fe film samples were deposited on silicon oil (Dow Corning 705 Diffusion Pump Fluid) substrates by thermal evaporation at room temperature.
[11] The base pressure prior to the deposition was 2.5×10 −4 Pa. The deposition rate changed from 0.05 to 1.20 nm/s. The nominal film thickness was in the range of 1.0-80.0 nm, which was determined by a quartzcrystal balance (ULVAC CRTM-3000) and calibrated by AFM. After deposition, the sample was removed from the vacuum chamber. Then the Fe film was separated from the oil substrate and washed cleanly with acetone and ethanol. [11−13] After that, AFM/MFM (Multimode Nanoscope DI 3000, Digital Instruments) measurements were taken immediately for the asprepared samples with lift mode at a height of 100 nm above the sample surfaces. The height information of the AFM/MFM images was taken in 512 × 512 arrays of pixels. The rms surface roughness gives an average roughness value of the sample. The MFM measurements were performed on a Pyramidal silicon tips (Nanoprobe TM SPM tips) coated with 40 nm Co/Cr alloy film, and with spring constants ∼ 2.8 N/m, resonance frequencies 0 ∼ 75 kHz and quality factors ∼ 10 for the magnetic force sensing. The tips were magnetized by an external magnet with the magnetization along the tip axis prior to measurement. Fe atomic aggregates on silicone oil surfaces with the nominal film thickness = 1.0 nm. The ramified and compact aggregates ranging randomly in Fig. 1 (a) indicate the random diffusion of the Fe atoms and clusters in all directions, which suggests that the formation mechanism of the Fe aggregates can be traced to the two-stage growth model. [14] Since the surface coverage of the sample in this stage is small, most of the ad-atoms arriving subsequently are still deposited directly on the silicone oil surface, consequently the surface roughening effect resulted from the film steps does not play an important role in this growth stage, which results in a comparatively small value of the rms surface roughness [ Fig. 1 As the nominal film thickness increases, more and more Fe ramified aggregates appear on the oil surface and therefore the surface coverage increases gradually, finally a continuous film forms. In our experiment, if the nominal film thickness is > 2.0 nm, the films exhibit a continuous morphology.
The typical AFM image of the continuous Fe film surface with = 10.0 nm is shown in Fig. 1(b) . According to the average size (∼ 10 1 nm) of the particles in the film in Fig. 1(b) and the film thickness, we conclude that the morphology of the particles is roughly circular. The profile analysis for the film morphology in Fig. 1(b) gives that the vertical distance between the lowest and highest positions of the film is about 10.0 nm, indicating that the roughness of the film surface is significant with respect to its film thickness ( = 10.0 nm), which may also be understood from the value of the rms surface roughness [ Fig. 1(b) , = 10.0 nm, rms surface roughness 6.94 nm]. For the samples with a large surface coverage or for the continuous films, most of the deposited atoms may be captured by the steps or deposited directly on the metallic ramified islands and films surfaces; therefore the surface roughness becomes obvious.
On the other hand, the x-ray diffraction pattern shows that the continuous Fe films on silicone oil surfaces exhibit a poly-crystalline structure.
[11] The similar granular morphologies shown in Figs. 1(a) and 1(b) indicate the crossover of the microstructures from the ramified aggregates to the continuous films. However, further research for the crystallization process happening in the crossover is still needed. The surface roughness of the sample is characterized by rms values, which change from 3.44 nm [ Fig. 1(a) , = 1.0 nm] to 14.70 nm [ = 80.0 nm, 2D topography corresponding to Fig. 2(d) ]. Our experiment shows that the rms surface roughness does not change with monotonously. It should be emphasized that the surface morphologies of the samples in Fig. 2 are similar to that of the sample shown in Fig. 1(b) and no correspondence between the topography and the magnetic domain image is detected. In our measurement, since the tip is perpendicularly magnetized, as a consequence, the color deviations in Fig. 2 correspond to the out-of-plane magnetized domains, whose interaction with the tip is a repulsive or attractive force corresponding to the up or down direction of their magnetic moments. A large color deviation of the contrast in Fig. 2 indicates a large magnetic anisotropy including the domain shape and surface anisotropies. It can be seen clearly that the images in Fig. 2 show widespread and irregularly shaped domains with the size of the order of 10 2 nm.
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The domain configuration of the film with = 10.0 nm is illustrated in Fig. 2(a) . It can be seen that the detected magnetic domains are irregular with small sizes, reflecting the weak interaction between the magnetic tip and the sample. This phenomenon should be attributed to the in-plane magnetization, [1] which is close to the situation of the ramified aggregates described above. For the sample with = 30.0 nm, an obvious magnetic domain structure is observed shown in Fig. 2(b) . The magnetic domains are significantly larger and the domain walls become more obvious compared with that shown in Fig. 2(a) . It shows widespread and irregularly shaped domains with the width of the order of 10 2 nm [see Fig. 2(b) ]. In the case of = 50.0 nm, as shown in Fig. 2(c) , it is noted that the short stripe-like domains are formed in the films. [3, 7] In some regions, the fields are far more intense than that in other area of the sample and the fields along each of the domains appear to be inhomogeneous. The MFM image in Fig. 2(d) is from the sample with = 80.0 nm and the domain structure is similar to that in Fig. 2(c) . Based on the above experimental result, we can conclude that, as increases from 10.0 nm to 80.0 nm, the average size of the magnetic domains in the films goes up and the direction of the magnetization of the samples deviate from the in-plane reorientation gradually with the increase of the domain size. Since the direction of the tip magnetization is normal to the film surface, which is taken as the direction, the oscillation phase shift ∆ recorded as the magnetic force image is approximately represented by [2] ∆ ≈ − ,
where is the component magnetic force. As a consequence, it is possible for us to detect the value of ∆ for the Fe films with different film thicknesses, and then to calculate the corresponding magnetic force gradient quantitatively.
In Fig. 3(a) , MFM image data from a 2.0×1.0 µm 2 scan of the Fe film with = 20.0 nm on the oil surface is presented. As expected, similar magnetic domain patterns as shown in Fig. 2 are again observed. The white line shown in Fig. 3(a) indicates the area where the cross section in Fig. 3(b) is taken. The value of ∆ , i.e., the vertical distance between the two arrows is 0.64 ∘ , which corresponds to a force gradient of 3. However, in our measurement, the characteristic domain walls, such as Bloch wall, Néel wall, and crosstie wall, have not been observed in the samples on oil surfaces obviously. Since the interaction between the Fe film and the silicone oil surface in the tangent direction is small, [9−11] the Fe film on the liquid substrate can be considered as a nearly free sustained film system. Therefore the atomic clusters and particles (or crystal grains) in the film may aggregate locally and then the relaxation of the internal stress in the films progresses, [9−11] which finally results in the characteristic surface morphology of the Fe film shown in Fig. 1 and the magnetic domain features shown in Figs. 2 and 3. It has also been shown that, because of the surface roughness of the film, the spins are easily pinned at the terraces or craters.
[2] As a result, the magnetization fluctuation produces a rather inhomogeneous field along the domain walls. From the energy minimization point of view, the irregular magnetic domain structure should be dominated by the balance between the shape anisotropy and surface anisotropy of the film and then reduce the total free energy of the system. [7] Therefore the magnetic domain features shown in Figs. 2 and 3 should be related to the characteristic surface morphology of the Fe films on oil surfaces.
For the sake of comparison, we perform MFM measurement on Fe/glass samples with film thickness = 30.0 nm. As shown in Figs. 4(a) and 4(b) , the cross-tie walls of various sizes confined in the Fe film on glass substrate are observed experimentally and no clear correlation between the film morphology and the magnetic domain structures is detected. Fig. 4 (c) presents the cross section profile of the black line shown in Fig. 4(b) with ∆ = 0.82 ∘ , corresponding to a force gradient of 4.0 × 10 −3 N/m, which is obviously larger than that of the Fe films on the oil surfaces (shown in Fig. 2 ). For example, for the Fe film with = 30 nm shown in Fig. 2(b) , it is found ∆ = 0.47 ∘ . Similar cross-tie walls have been observed in other thin and ultra-thin film systems. The average energy of a cross-tie wall is proposed to be less than that of a symmetric Néel wall. [1, 2, 5] For example, the cross-tie walls are observed in thin Co/glass film systems.
[1] However, due to the effect of the substrates, it has not been observed in the corresponding Co/Si samples. [5] It is noted that, in our experiments, similar crosstie walls have never been observed in the Fe film system on oil surfaces, which indicates that the characteristic effect of the liquid substrate is important for the formation of the magnetic domain features shown in Figs. 2 and 3 .
In conclusion, we have studied the microstructure and magnetic domain features of the Fe film system deposited on silicone oil surfaces. Due to the characteristic effect of the liquid substrate, the early growth stage of the Fe film presents ramified aggregate morphology attributed to the two-stage growth mechanism. Magnetic domain patterns, which are consistent with in-plane remnant magnetization theory, are suggested for the thin continuous films as well as the Fe ramified aggregates. However, only for the samples with ≥ 10.0 nm, the characteristic magnetic structures are observed clearly presenting the widespread and irregularly shaped domains, which should be affected by the oil substrates and dominated by the balance between the shape anisotropy and surface anisotropy of the films.
